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 OIKOS 71: 179-188. Copenhagen 1995

 Herbivory under different flow regimes: a field experiment and
 test of a model with a benthic stream insect

 N. LeRoy Poff and J. V. Ward

 Poff, N. L. and Ward, J. V. 1995. Herbivory under different flow regimes: a field
 experiment and test of a model with a benthic stream insect. - Oikos 72: 179-188.

 An experiment was conducted in an open-canopy mountain stream to examine the
 effects of different densities of the grazing caddisfly Agapetus boulderensis (Trichop-
 tera: Glossosomatidae) on algal biomass and assemblage structure at two current
 velocities. Unglazed ceramic tiles were colonized by algae in grazer-free troughs for 30
 d at slow (- 20 cm s-') and fast (- 40 cm s-') velocities before transfer to open troughs
 of similar velocity, where they were exposed to grazer densities ranging from ca 0.7 to
 2.7 times natural streambed densities. At low velocity, algal biomass (chl-a and
 particulate C) and absolute densities of bacillariophytes, chlorophytes and cyanophytes
 declined as grazer density increased. Grazers also significantly altered algal assem-
 blage structure by reducing the relative abundance of cyanophytes (mostly Anabaena
 cf. affinis) and chlorophytes (Ulothrix zonata) and increasing the relative abundance of
 some bacillariophytes (Cocconeis placentula, Fragilaria pinnata, F vaucheriae, Melo-
 sira italica). The algal assemblage was effectively converted from a "late-succes-
 sional" to an "early-successional" stage by grazers. By contrast, at high velocity, initial
 algal density was relatively low and grazers were less effective in inducing changes. As
 grazer density increased, total algal cell abundance (mostly bacillariophytes) declined,
 although the relative abundances of individual diatom species remained unmodified
 under increasing grazer densities. Grazers essentially maintained the "early-succes-
 sional" nature of the algal assemblage under high velocity conditions. Further, for both
 current velocities, we tested a model that predicts algal biomass as a function of grazer
 density and time. Independent estimates of current-dependent grazing rate and algal
 growth rate were used in the model to generate predictions of particulate C along a
 gradient of grazer density at two current velocities. Algal biomass predicted by the
 model compared favorably with an empirical fit of the data under low and high
 velocities. These results suggest that the role of grazers in structuring algal as-
 semblages may vary spatially with local current velocity in heterogeneous stream
 systems.

 N. L. Poff and J. V Ward, Dept of Biology, Colorado State Univ., Ft. Collins, CO 80523
 USA (present address of NLP: Dept of Zoology, Univ. of Maryland, College Park, MD
 20742 USA).

 Herbivory is known to regulate structural and functional
 attributes of primary producer assemblages in many dif-
 ferent systems (for a review, see Huntly 1991). Herbi-
 vores are often attributed with generating spatial varia-
 tion in plant community composition, yet the impact of
 herbivores over a range of existing environmental condi-
 tions is rarely quantified (Huntly 1991). Theory in com-

 munity ecology holds that as abiotic environmental con-
 ditions change along gradients, species' relative per-
 formances change, causing the strength or outcome of
 biotic interactions to be altered (see Menge and Suther-
 land 1976, 1987, Diamond and Case 1986, Menge and
 Olson 1990, Dunson and Travis 1991). Thus, we should
 expect that the impact of herbivores in structuring plant
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 communities will vary as environmental constraints
 change, as has been documented for some systems (e.g.,
 Lubchenco and Gaines 1981).

 In streams, numerous studies have shown that herbi-

 vores (some insects, snails, fishes) regulate many aspects
 of algal community structure and function, including bio-
 mass (McAuliffe 1984, Hart 1985, 1987, Power 1990),
 primary production (Lamberti and Resh 1983, Lamberti
 et al. 1989) and algal growth form (Lamberti et al. 1987a,
 Steinman et al. 1987a). However, very few experimental
 grazer-algal studies have explicitly included water veloc-
 ity as a treatment variable (but see DeNicola and McIntire
 1991), despite the fact that many natural stream envi-
 ronments are typified by heterogeneous near-bed currents

 (Davis and Barmuta 1989). Current mediates many phy-
 siological and energetic processes (e.g., rates of nutrient/
 gas exchange, cost of position maintenance and move-
 ment) that influence the distribution and abundance of

 both algae (e.g., Whitford 1960, Stevenson 1983) and
 grazers (e.g., Hynes 1970, Vaughn 1986). In particular,
 mobile herbivorous invertebrates that forage for attached
 algae can encounter a wide range of near-bed currents
 that influence their movement rates and/or foraging ac-
 tivities (Hutchinson 1947, Dorier and Vaillant 1955, Ca-
 low 1974, Poff and Ward 1992). Thus, the ability of lotic

 herbivores to structure algal communities might vary
 spatially with local current. Further, insofar as grazers
 may indirectly influence benthic community structure
 through altering resource and habitat availability for
 other, non-herbivorous organisms (Hawkins and Furnish
 1987, Power 1990, Feminella and Resh 1991, Harvey and
 Hill 1991, Kohler 1992), variation in the strength of
 grazer-algal interactions along velocity gradients in
 streams may mediate spatial variation in benthic commu-
 nity composition (see Hart 1992).

 As in other systems, herbivore regulation of primary
 producer assemblages in streams is a function of herbi-
 vore density (Lamberti and Resh 1983, McAuliffe 1984,
 Colletti et al. 1987, Hart 1987, Steinman et al. 1987a,
 Lamberti et al. 1987b, 1989, McCormick and Stevenson
 1991). However, previous studies have not examined
 how density-dependent herbivore impacts vary under dif-
 ferent local velocities, thus making it difficult to general-
 ize results from research conducted under uniform slow
 currents to natural stream habitats with spatially hetero-
 geneous current conditions. An associated problem in
 generalization lies in our present inability to adequately
 predict algal responses to grazers, either as a function of
 herbivore density or of current. Most efforts at prediction
 have been limited to selecting an arbitrary statistical
 model that maximizes r2, but different statistical models
 may fit the same data (e.g., Lamberti et al. 1987b). Mech-
 anistic models with biologically based parameters (such
 as algal growth rate, per capita grazing rate, time exposed
 to grazers) are needed to make predictions generalizable
 across different systems. Hart (1987) suggested such a
 simple model (modified from Schoener 1978) that could
 be used to predict algal response to variable densities of

 benthic herbivores. This density-dependent grazing
 model has not been tested in stream systems under any
 range of flow conditions.

 In the upper Colorado River, the mobile epibenthic
 insect herbivore, Agapetus boulderensis (Trichoptera:
 Glossosomatidae), attains densities of up to 3000 m-2 of
 stream bottom and occurs across a wide range of local
 current velocities. Previous work in this system has
 shown that the distribution, abundance and foraging ac-
 tivity of this mobile grazer vary with current (Poff and
 Ward 1992). Previous work has also shown differences in
 algal community structure with respect to current: where
 Agapetus is excluded, thick mats of filamentous macro-

 algae and associated diatoms occur in low currents,
 whereas adnate algal forms having low biomass occur in
 high currents (Poff et al. 1990). When exposed to grazers,
 algal assemblages in slow current resemble those in un-

 grazed high currents (Poff and Ward 1992), suggesting
 that Agapetus effectively modifies algal assemblage
 structure only at low velocities.

 We conducted a field experiment to determine the
 impact of Agapetus boulderensis grazing on algae under
 two different velocities that are representative of the
 range of velocities experienced by larvae in the stream.
 Because this regulated stream has an extremely stable
 hydrograph, current velocities in the upper Colorado
 River do not fluctuate unpredictably, which allows for an
 excellent experimental system for examining the role of
 current in mediating biotic interactions. We had two ob-
 jectives in this research. First, we wanted to examine
 whether the impact of herbivores on algal assemblage
 structure varies with the abiotic environmental conditions
 (here, low and high velocity). We examined the effect of
 increasing grazer density on algal assemblage structure
 under each of these conditions. Our second objective was
 to predict quantitative changes in algal biomass along a
 gradient of grazer density for each velocity treatment. To
 do this, we used a biologically based model (Hart 1987)
 with parameters for algal renewal rate and grazing rate,
 both of which were estimated independently from un-
 related experiments in the same system (Poff et al. 1990,
 Poff and Ward 1992).

 Materials and methods

 Field experiment

 The relationship between grazer density, current velocity
 and algal abundance and composition were assessed ex-
 perimentally in the upper Colorado River over a 6-d
 period (15-21 July 1987) using algal food resources that
 had accumulated on artificial subtrata over the imme-
 diately preceding 30 d. A period of six d was deemed
 sufficient time because algal growth rates and turnover
 times occur at a scale of days, as has been shown by
 numerous colonization studies (see Poff et al. 1990 and
 references therein). Given the extremely steep current
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 Fig. 1. Plan-view diagram of trough design used for the 6-d
 foraging experiments. Small white squares are individual
 2.3 x 2.3 x 0.5 cm tiles previously colonized with periphyton for
 30 d. The four tiles in each compartment are raised 2.5 cm above
 the bottom of the trough, are surrounded by pebble-filled space
 (solid black area), and are separated from tiles in adjacent
 compartments by walls (horizontal stripes). The three large
 squares at the ends of the trough are unglazed fireplace bricks
 used to raise the bottom of the trough to a near uniform 3-cm
 height. Arrow indicates direction of streamflow.

 velocity gradients on natural rock surfaces at this site (see
 Poff and Ward 1992), it was not feasible to conduct
 experiments on the stream bottom and simultaneously
 control for flow. Because our objective was to use flow
 rate as an experimental variable, we conducted the field
 experiment in flow-through troughs where current could
 be controlled. Because whole-channel discharge did not
 change during the total 36-d period (U.S. Bureau of
 Reclamation, unpubl. data), we were able to maintain a
 constant flow regime in each trough for the duration of
 the grazing experiments.

 Two metal troughs, each measuring 81 cm in length,
 30.5 cm in width, and 10 cm in height, were set on
 concrete blocks and positioned on the stream bottom so
 that the near-bed velocity in one trough was fast (- 40
 cm s-') and the other was slow (- 20 cm s-1) (see below).
 Troughs were open at both ends and oriented with the
 long axis parallel to the direction of streamflow. Each
 trough contained 18 compartments, arranged in three
 columns of six rows (Fig. 1). Within a trough, each
 compartment served as a chamber for the experimental
 treatments (see below). Compartments measured 6.5 cm
 wide x 6.5 cm long x 3.0 cm deep. The water depth over
 each compartment in the troughs was - 3 cm. Clay bricks
 (3 cm thick) were used to raise the unused spaces at the
 upstream and downstream ends of the troughs to a level
 flush with the tops of the compartments, thereby reducing

 turbulence in the troughs. Each compartment received

 four porcelain tiles (2.3 x 2.3 x 0.5 cm) affixed atop por-
 celain templates. The placement of the template plus four

 tiles inside a compartment resulted in the tiles' upper
 surfaces being 0.5 cm lower in height than the metal
 strips separating the compartments. Prior to their place-
 ment in the compartments, the tiles were colonized with

 periphyton (algae and associated detritus) for 30 d in
 either slow (x= 17.1 cm s-1) or fast (x=41.6 cm s-')
 troughs, where significantly different algal communities
 developed under different current regimes (see Poff et al.
 1990 for details). Mean current conditions under which
 the foraging tiles had been incubated were similar to
 those prevailing in the experimental troughs (see Re-
 sults).

 Foraging tiles were randomly selected from each of the
 algal colonization troughs and randomly assigned to
 compartments. Before the addition of the tiles to the

 compartments, flow through the troughs was blocked
 temporarily. After tile placement in the templates, flow
 was resumed, and current velocity was measured at the
 center of each template at - 7 mm above the substratum

 surface using a Nixon Instrumentation Ltd. meter (pro-
 peller diameter = 13 mm).

 Experimental animals were fifth instar Agapetus boul-
 derensis larvae that were collected from the stream bot-

 tom on the day the experiment began. Larval densities on
 four stones in the stream were determined (x = 0.3 cm-2),
 to establish the three densities of larvae used in the

 grazing experiment: low (4 larvae = 0.2 cm-2), medium (8
 larvae = 0.4 cm-2), and high (16 larvae = 0.8 cm-2). Each
 density treatment was randomly assigned to one of the
 three compartments in each of the six rows in the trough
 (randomized block design). Pebbles and small mineral
 particles in the size range appropriate for case construc-
 tion by larvae were used to fill the space around each
 template. Larvae had free access to the surface of the
 foraging tiles. No netting was used to isolate animals
 within compartments; animals were discouraged from
 movement between compartments by smearing petro-
 leum jelly along the compartment edges (cf. McAuliffe

 1984). During the 6-d trials, the number of larvae on the
 combined upper surfaces of the four foraging tiles in each
 compartment was recorded 2-4 times per day for a total
 of 19 separate occasions. Because some larval exchange
 did occur between compartments (see Results), we ana-
 lyzed the data using regression analysis, where effective
 larval density was estimated from the average of the 19
 individual observations divided by the total grazing area
 of the tiles (21.6 cm2). Immigrant grazers, such as Baetis
 spp. or chironomid larvae, were rarely observed on the
 tile surfaces during the 19 observations. When they were,
 they were removed with fine forceps.

 The four tiles in each compartment were assigned to
 one of six analyses but only three are reported here: 1)
 algal species composition and abundance, 2) particulate
 C and N content, and 3) chlorophyll-a content. Ungrazed
 tiles from the algal colonization troughs were used as
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 controls (N = 2-3). At the end of the 6-d run these tiles
 were analyzed for algal community composition, C:N
 ratio and chl-a content. At the beginning of the experi-
 ment, these tiles were removed from the water and re-
 placed in their original locations to simulate the handling
 incurred by the tiles transferred to the grazing troughs.
 Given that not every compartment was sampled for each
 algal response variable, maximum sample size for an
 algal response was not 18. Also, some tiles were lost due
 to failure of analytical equipment or inability of equip-
 ment to detect very low quantities of algal biomass,
 especially at high currents where biomass was naturally
 very low. Thus, total sample sizes (including controls)
 ranged from 9 (high current) to 16 (low current), and
 estimates of grazer density among measured algal re-
 sponse variables differed slightly, depending on which
 particular compartments were used.

 Tiles collected for taxonomic analysis were individu-
 ally collected in the field and preserved in 2% formalin.
 In the laboratory, algal cells were scraped from the tile
 with a razor blade and brought up to a standard volume,
 from which a subsample was taken and scanned under oil
 immersion at 1250 x magnification. Species densities
 were calculated using standard strip-count procedures
 (APHA 1980). At least 200 cells per sample were
 counted. Tiles collected for C:N analysis were scraped
 with a razor blade in the field and stored in stream water
 on ice in the dark until return to the laboratory (<4 h).
 Samples were individually filtered with distilled water

 onto 1.8-cm diameter, pre-weighed 0.7 [tm glass fiber
 filters (cf. Hart 1987), dried for 24 h at 60'C, weighed to
 the nearest 0.01 mg, and stored in a desiccator. Par-
 ticulate C and N for each sample were determined on a
 Carlo-Erba NA 1500 Nitrogen Analyzer using an atropine
 standard. Samples were corrected for contribution to C:N
 by filter paper. Tiles collected for chl-a analysis were
 individually wrapped in aluminum foil in the field and
 transported 10 min to a nearby residence and frozen for
 2 h. Tiles were then transported on ice (- 2 h) to the
 laboratory and placed again in a freezer. Within one
 month, chl-a was extracted directly from individual tile
 surfaces using the boiling ethanol method (Marker and
 Jinks 1982) and analyzed on a Beckman spectrophoto-
 meter.

 Our objective was to create categorically distinct
 abiotic environments that realistically mimicked the field
 setting, where grazers exposed to a particular current
 regime would encounter algal assemblages characteristic
 of that regime. This goal was achieved because differen-
 ces in current between compartments within troughs were
 much less than average differences among troughs.
 Quantitative differences in algal response to grazer den-
 sity within a current treatment could then be compared
 qualitatively among treatments, but not quantitatively be-
 cause the current treatment was not replicated.

 Biologically based grazing model

 Hart (1987) proposed the following model to relate pe-
 riphyton biomass to processes of algal growth and grazer
 removal:

 P(t,X) = Poe e-Xt/ (1)

 which can be loge-transformed to the following:

 ln(P(t,X)) = ln(Po) + ut - GXt/A (2)

 where the periphyton biomass (P, mg) after a given num-
 ber of days of exposure (t) to a number of grazers (X)
 depends on the initial biomass (PO, mg), the daily rate of
 increase for periphyton (u, d-1), and the rate (G, cm2 d-l)
 at which grazers consume periphyton over the available
 area (A, cm2). This model predicts that the periphyton
 density encountered by larvae at any given time will
 decline exponentially with increasing larval density. It
 assumes that area grazed per unit time is constant and
 independent of average periphyton densities, and that
 larval consumption rate is proportional to the average
 periphyton density and the area grazed (Hart 1987).

 Independent parameter estimates for both u and G were
 derived from other experiments conducted simultaneous-
 ly with this study (Poff et al. 1990, Poff and Ward 1992).
 Periphyton renewal rate (u) was estimated from accrual
 of periphyton biomass (particulate C) on ungrazed tiles
 over different periods of time. We measured C accrual
 between day 30 and day 36 for each current. Because
 algal assemblages at this stage of development are near
 equilibrium (Poff et al. 1990), using this value for u is
 appropriate for ungrazed tiles. However, grazer removal
 of periphyton enhances algal growth rates (Lamberti et al.
 1987a), because space constraints and shading are re-
 duced and nutrient delivery is enhanced (see Lamberti
 and Moore 1984). Therefore, using the equilibrium value
 of u would underestimate the ability of the periphyton
 mat to renew itself under grazing pressure. We also deter-
 mined u for days 0 to 14, when algae are in a phase of
 exponential growth. Use of this value of u would better
 capture renewal rates as algal biomass is cropped close to
 zero under intense grazing pressure, but it would bias
 estimates of algal biomass at low grazer densities. We
 defined a simple function that expresses u in terms of
 grazer density:

 u = (1-x ) x umin + x x Umax (3)

 where urn, is the observed growth rate of algae on un-
 grazed near equilibrium (days 30 to 36), un,,, is the early
 colonization and growth phase (days 0 to 14), and x' is the
 grazer density in no. cm-2. Using this equation, at zero
 density u would equal umin and reflect near equilibrium
 conditions. At a density of 1.0 cm-2, algal renewal rate
 would increase to umax. While the scaling of u to x' as a
 linear function between the limits of 0 and 1 grazer per
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 Fig. 2. Relationship between algal cell density (Y) and mean
 density of A. boulderensis larvae (X, divided by area of 4 grazed
 tiles) over a 6-d period in the low velocity treatment. (a) For
 total algae, the negative exponential function Y=2353 e-2.651X
 was fitted to the data by a linear regression of the ln(Y+ 1)
 transformed equation (e = 0.6 1, N = 13, P <0.005). Abundances
 of diatoms, green algae, and blue-green algae are also shown.
 (b) For Cocconeis placentula, the negative exponential function
 Y = I I 0 e-2-43X was fitted to the data by a linear regression of the
 In(Y+ 1) transformed equation (r 2 =0.49, N = 13, P < 0.01).

 cm is not supported by empirical data, this adjustment in
 u captures important biological realism that a static value
 of u cannot. For the slow current regime, umin = 0.093 d-l,
 and Umax = 0.541 d-l . For the fast flow trough, upn-, = 0.213
 d-1, while Umax=0.319 d-l.

 Grazing rate (G) was estimated as the product of Aga-
 petus movement rate and width of movement path. Aga-
 petus has ventral openings at both ends of its pebble case
 through which the individual forages. The openings are
 - 50%H of its case width (N. L. Poff, unpubl.); therefore,
 we estimated the width of the maximum grazing path for
 larvae to be 0.5 x average case width for 5th instar larvae.
 We assumed that larvae move in a straight line, because
 in a previous study (Poff and Ward 1992) we observed
 that A. boulderensis larvae foraging on streambed rocks
 move in essentially straight lines. Because larvae do not
 consume all algae within a grazing path (see Lamberti et
 al. 1987a, Steinman et al. 1987a), we arbitrarily adjusted
 G by decreasing its value by 50%. Movement rate was

 determined for individually marked, undisturbed Agape-

 tus larvae foraging under two velocity ranges (see Poff

 and Ward 1992 for details). The mean movement rate of

 19 larvae in current ranging from 15-25 cm s-l was 0.42

 cm h-', which, when adjusted for the width of the larval

 grazing path and the thoroughness of grazing, resulted in

 a mean daily grazing rate of 0.65 cm2 d-l. Similarly, the
 mean movement rate of 12 larvae observed under veloci-

 ties ranging from 35-45 cm s-l was 0.39 cm h-', which
 translated to 0.60 cm2 d-'. By substituting estimates for u

 and G into the model in (2) above, the periphyton bio-
 mass after 6 d of grazing could be predicted for the
 different grazer densities. Back-transformation to eq. (1)
 allowed the (P(t,X)) predicted from the model to be
 compared with the values provided by the best-fit linear
 regressions on the original In-transformed data for both
 current regimes.

 Results

 Field experiment

 Current velocity measured in cells of the low velocity
 trough ranged from 13.2-18.9 cm s-' (x = 16.6, SD = 1.6,
 N = 18), while in the high velocity trough the range was
 34.1-45.6 cm s-l (x=41.6, SD= 3.33, N= 14). Four cells
 in the downstream end of the high velocity trough had
 velocities < 30 cm s'l and were excluded. Grazer densi-
 ties on tile surfaces were variable for two reasons. First,
 larvae did not spend all their time on the upper surfaces.

 Second, some exchange of larvae between compartments
 occurred because larvae were occasionally "eroded" from
 the surface and transported downstream, especially in the
 fast current trough. The total number of grazers observed
 on surfaces over the 6-d period was therefore transformed
 to an index of daily grazing intensity using the daily

 average density of larvae calculated from the 19 separate
 observations. Densities ranged from ca 0.15 to 0.95 indi-

 viduals per cm2.
 Algal assemblages that had developed for 30 d under

 low (17 cm s-') and high (42 cm s-1) velocity responded
 to 6 d of grazing in several ways that reflected both
 grazing intensity and current regime. In the low velocity

 treatment, increasing numbers of grazers reduced abso-

 lute abundances of total algal cells (combined bacillario-
 phytes, chlorophytes, cyanophytes) (Fig. 2a). Specific
 taxa, e.g., Cocconeis placentula (Fig. 2b) and Anabaena

 cf. affinis were also reduced (see cyanophytes in Fig. 2a).
 The relative abundances of major algal taxa were also

 modified as grazer density increased (Table 1). The pro-

 portion of diatoms in the total algal assemblage sig-
 nificantly increased (r = 0.65, P = 0.02) while cyano-
 phytes significantly declined (r=-0.66, p=0.01). Chlo-

 rophytes showed a non-significant trend toward increase
 (r = 0.37). Diatom species whose relative abundances sig-

 nificantly increased with increasing grazer density in-
 cluded C. placentula, Fragilaria pinnata, F vaucheriae,
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 Table 1. Mean relative abundances (% total cells) for major algal taxa on ungrazed and grazed tiles after 6 d under two current
 velocity treatments. Correlation coefficient (r) is for association between relative abundance and increasing grazing intensity for
 slow (N = 13) and high (N = 9) velocities. P-value indicates whether regression of relative abundance on grazer density yielded a
 non-zero slope (ns = not significant; + = P <0.1; * = P <0.05; ** = P <0.01). For taxa present on fewer than half the tiles within a
 current treatment, no regression was performed, as indicated by "-".

 Taxon Slow velocity treatment Fast velocity treatment

 ungrazed grazed r P ungrazed grazed r P

 Bacillariophyta
 Achnanthes lanceolata 0.7 1.9 0.305 ns 0.9 1.6 0.254 ns
 Achnanthes minutissima 0.6 1.6 0.253 ns 0.8 1.8 -0.094 ns
 Cocconeis placentula 7.2 8.5 0.602 * 12.9 15.6 -0.299 ns
 Cymbella minuta 2.7 3.6 0.392 ns 2.7 6.5 0.187 ns
 Fragilaria pinnata 5.3 8.0 0.747 ** 1.2 0 - -
 Fragilaria vaucheriae 1.3 6.7 0.683 ** 1.8 0.8 -0.468 ns
 Melosira italica 2.4 4.1 0.699 ** 9.0 9.9 0.060 ns
 Nitzschia dissipate 5.7 1.0 -0.581 ns 0.6 1.2 0.156 ns
 Nitzschia palea 2.0 2.2 0.313 ns 0.9 0 - -
 Synedra rumpens 6.9 1.3 -0.410 ns 6.2 4.1 -0.434 ns

 Cyanophyta
 Anabaena cf. affinis 42.4 35.5 -0.772 ** 6.7 0 -
 Nostoc sp. 0 0 - - 0 8.2 - -

 Chlorophyta
 Ulothrix zonata 2.1 1.6 -0.478 + 35.6 33.6 0.250 ns

 Total percent of cells 79.3 74.9 78.1 83.3

 and Melosira italica (Table 1). The relative abundances
 of the cyanophyte Anabaena cf. affinis and the chloro-
 phyte Ulothrix zonata declined with increasing grazer
 density. Ln-transformed chl-a was also reduced by graz-
 ing (x = 1.3 mg cm-2, 95% CI=0.56, N= 7) compared to
 ungrazed chl-a controls at the end the trials (x = 2.3 mg
 cmn2, 95% CI = 5.7, N = 2). Chl-a levels at the beginning
 of the trials were 1.9 mg cm-2 (95% CL=0.08, N=3).
 There was a trend for reduction in chl-a with increasing
 grazing intensity as well (r = -0.66, P = 0.05). This re-
 flected a decrease in bacillariophytes and chlorophytes
 with increasing grazing intensity (see Fig. 2). C:N ratios
 in ungrazed controls ( =9.1, 95% CI = 0.80) were not
 different from C:N ratios on grazed tiles (x = 9.6, 95%
 CI = 0.17). C:N ratios showed a non-significant upward
 trend (r = 0.36) under increasing grazing pressure.

 In the high velocity treatment, absolute cell density of
 total algae was also reduced under increased grazing
 intensity, but much variability existed (Fig. 3a) and sam-
 ple size was small. Cell densities were substantially less
 than those in the low current trough, and the predominant
 filamentous alga in this treatment was the chlorophyte
 Ulothrix zonata. As in the low velocity, the absolute
 density of the diatom Cocconeis placentula declined with
 increased grazing pressure (Fig. 3b). Trends in altered
 algal assemblage composition were also noted with in-
 creased grazer density but with substantial variability.
 The relative abundance of bacillariophytes did not
 change (r = -0.12), while chlorophytes tended to increase
 (r = 0.35). Cyanophytes were observed on fewer than one
 half of the tiles and proportional change under grazing

 was negligible (r = 0.04). The relative abundances of pre-
 dominant diatom species were not significantly altered,
 but C. placentula, Fragilaria vaucheriae, and Synedra
 rumpens tended to decline, while Achnanthes lanceolata
 tended to increase (Table 1). C:N ratios in ungrazed
 controls (x = 7.6, 95% CI = 1.2) were not different from
 C:N ratios on grazed tiles ( = 7.7, 95% CI = 1.2). Simi-
 larly, C:N ratios were not found to be reduced significant-
 ly as grazing intensity increased. Chl-a associated with
 algae on tiles in the high velocity trough was extremely
 low and could not be reliably determined.

 Biologically based grazing model

 Particulate carbon content (ftg cm-2) of periphyton (algae
 and associated detritus) on the foraging tiles was used
 to indicate the quantity of food resource available to
 grazers. Exponential decline of periphyton biomass has
 been related to increased grazer density both in terms of
 particulate carbon (Hart 1987) and ash-free-dry-mass and
 chlorophyl-a (Lamberti et al. 1987b). In this study, de-
 clines in biomass (rig C) also followed curves that could
 be described by a negative exponential for both current
 treatments (Figs 4a and b). The biologically-based model
 overestimated periphyton biomass across the range of
 grazer densities in the low current treatment, but in the
 high current treatment, biomass was overestimated at low
 grazer densities and underestimated at high grazer densi-
 ties.
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 Fig. 3. Relationship between algal cell density (Y) and mean
 density of A. boulderensis larvae (X, divided by area of 4 grazed
 tiles) over a 6-d period in the high velocity treatment. (a) For
 total algae, the negative exponential function Y = 101 e- I04X was
 fitted to the data by a linear regression of the ln(Y+ 1) trans-
 formed equation (r 2= 0.40, N = 9, P <0.10). Values for diatoms,
 green algae, and blue-green algae are shown. (b) For Cocconeis
 placentula, the negative exponential function Y =15.9 e-I38X
 was fitted to the data by a linear regression of the ln(Y+ 1)
 transformed equation (r2 =0.37, N=9, P<0.10).

 Discussion

 Grazing impact under different currents

 The response of periphyton assemblages to grazers
 showed notable differences among the low vs high cur-
 rent treatments. Under both low and high current, in-
 creasing numbers of grazers were able to reduce algal cell
 densities and periphyton biomass (particulate C); how-
 ever, only in slow current was algal assemblage composi-
 tion substantially modified. In slow flow, the relative
 abundances of dominant filamentous chlorophytes and
 cyanophytes declined, while the relative proportion of
 smaller and more adnate diatoms increased under in-
 creased grazer pressure. In high current, by contrast, no
 algal species showed a significant change in relative
 abundance as grazer density increased.

 Other studies have shown that mobile, scraping cad-

 disfly larvae are able to reduce algal cell densities and

 biomass (Hart 1981, Lamberti and Resh 1983, McAuliffe
 1984), often in a density-dependent fashion (Hart 1987,

 Lamberti et al. 1987a, b, Steinman et al. 1987a). Because
 of the generalized mouthparts of these insect herbivores
 (Wiggins 1984), large arborescent growth forms are
 typically initially removed by grazing, resulting in per-
 sistence of relatively grazer-resistant adnate diatoms
 (e.g., Lamberti et al. 1987a, b) and/or filamentous algae
 with prostrate basal cells (Steinman et al. 1987a).

 The initial physiognomic characteristics of the pe-

 riphyton in the two current treatments probably dictated
 their relative susceptibilities to grazing pressure. The low
 velocity assemblage was initially characterized by late-
 successional, filamentous growth forms that were easily
 removed by generalized grazer mouthparts. The assem-

 a)
 10000

 (AI

 co 800-

 E Biological Model
 0

 600

 0 0

 mD 400 Empirical Model

 CL =L.
 200 0

 S

 0.0 0.2 0.4 0.6 0.8 1.0

 b)
 401

 pE 301

 0.~ ~ ~ ~ ~~(o 10 2)

 0

 Fig. 4. Relationship between periphyton biomass (Y) and the
 mean density of A. boulderensis larvae (X divided by area of 4
 grazed tiles) after 6-d under (a) low velocity (- 20 cm s-') and
 (b) high velocity (-- 40 cm s-') conditions. For each, the "Em-
 pirical Model" line is an exponential function of the form
 Y = keX fitted to the data with least squares after a linear regres-
 sion of the ln-transformed equation. For low velocity treatment,
 Y=494.8 e~0082x (r2=0.64, N= 16, P<O.0l). For high velocity
 treatment, Y-20.3 e0074X (r2=0.53, N= 10, P=0.015). The
 "Biological Model" line represents the periphyton biomass after
 6-d of grazing as predicted from the model of Hart (1987) using
 initial periphyton biomass, periphyton renewal rate, and larval
 grazing rate as parameters (see text for discussion).
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 blage in high velocity, however, could be characterized
 initially as an early seral stage, because it was comprised

 primarily of adnate diatoms and prostrate chlorophyte

 basal cells (Table 1). Ulothrix zonata, the dominant chlo-
 rophyte, was an important algal colonist in this system
 and under high current conditions it did not attain a
 robust, upright growth form that presumably would have
 made it susceptible to grazing (Poff et al. 1990). Thus, the
 effect of grazing on assemblage structure in the two

 current treatments was maintenance of an early seral
 stage under high velocity conditions and transformation

 of a late successional assemblage to an early seral stage
 under low velocity conditions.

 Biologically based grazing model

 The apparent poor fit between the observed density-de-
 pendent reduction in periphyton biomass and the biomass
 predicted from Hart's (1987) model (Fig. 4) suggests
 some error in the parameter estimates (u and/or G) for the
 mechanistic model. Although the simple statistical (expo-
 nential) model provided a significant fit to the biomass
 data for both current treatments, in both cases the in-
 tercept was poorly predicted.

 Neither u nor G are necessarily best viewed as con-
 stants across a range of grazer density. Periphyton growth
 rates can vary with the density and growth form of the
 assemblage, but the net effect of this increased growth
 rate on periphyton accrual is difficult to quantify because

 the simultaneous reduction in periphyton biomass means

 there is a smaller base (PO) to which growth is added. We
 attempted to capture this dynamic relationship by scaling
 u to grazer density, so that at zero density algal growth
 reflects near-equilibrium conditions (umin) and at maxi-
 mum density algal renewal reflects near-exponential

 growth (Umax) (see eq. 3 above). To assess how sensitive

 the model is to variation in the value of the parameter u,
 we calculated the predicted periphyton biomass after 6 d

 at the highest grazer density after replacing Uman by umin.
 In the low velocity treatment, final standing crop would

 be reduced by a factor of 15 (210 to 14 [tg cm-2), and in
 the high velocity treatment, biomass would be reduced by

 a factor of 2 (1.2 to 0.6 [tg cm-2). In general, a reduction
 in algal renewal rate would result in a depression of algal
 standing crop across all grazer densities (Fig. 4), and this
 reduction would be relatively greater for algae in slow
 currents because their colonization and early growth rates
 are very high relative to their near-equilibrium growth
 rates. For the low velocity assemblage, biomass would
 remain overestimated at low grazer densities, but it would
 be underestimated at high densities, as is the case for the
 high velocity assemblage.

 Grazing rate was estimated from Agapetus boulderen-
 sis movement rate, not from actual ingestion rate, and
 these processes are not identical. Some grazer movement
 can be attributed to searching for periphyton (cf. Hart and

 Resh 1980, Hart 1981, Kohler 1984), which should not be
 included in the estimate of G. The maximum possible rate

 of periphyton removal would result from removal of all

 algae from the grazing path, through both direct con-
 sumption and through non-consumptive removal (e.g.,

 Lamberti et al. 1989, Scrimgeour et al. 1991). Because
 we did not quantify these terms specifically in our experi-
 ments, we were forced to estimate G as a first approxima-
 tion to examine the fit of the foraging model to our data.

 A refined test of the foraging model would require esti-
 mates of actual consumption, non-consumptive losses

 and possibly additional grazer-specific parameters such
 as inability to remove certain algal forms that are small
 relative to grazer feeding apparatus (Lamberti et al.
 1987a, Steinman et al. 1987a). We examined the sensi-
 tivity of the model to the estimates of G by assuming that
 Agapetus larvae remove 75% rather than 50% of the
 algae encountered in the grazing path. Under this as-
 sumption, algae would be reduced at the highest grazing

 intensity (1.0 ind. cm-2) by a factor of 7 (210 to 30 [tg
 cm-2) in the low velocity treatment and by a factor of 6
 (1.2 to 0.2 [g cm-2) in the high velocity treatment. In
 general, with higher grazing efficiency, algal biomass
 would be more accurately predicted at low grazer densi-

 ties for both currents, but predicated biomass would be
 greatly underestimated at high densities for both.

 One interesting result of our experiment is that even

 the lowest densities of larvae used in the experiments
 were able to remove almost as much algae as the highest
 densities (see Fig. 4). This suggests that algae are limiting
 to Agapetus in the upper Colorado River, a finding con-
 sistent with studies of other lotic grazing systems (e.g.,
 Lamberti et al. 1987b). Alternatively, the lowest grazer

 densities were ca 70% of the estimated ambient field
 density and thus not that "low". Further, because Agape-
 tus densities under specific velocity conditions are very
 difficult to estimate in the field (see Poff and Ward 1992),
 ambient field densities may have been overestimated,
 especially for the high velocity treatment. However, in
 terms of the model, algal depletion was overestimated at
 low larval densities (see Fig. 4). One possible mechanism

 to explain this overestimation is that larvae accelerate
 movement to track diminishing algal resources. In a

 separate field experiment (Poff and Ward 1992), Agape-
 tus larvae were observed to move over short distances at
 maximum rates an order of magnitude higher than their

 mean movement speeds. Other studies have found that

 caddisfly movement rates vary in slow currents (Lam-
 berti and Resh 1983, Steinman et al. 1987a) and that both
 grazing caddisflies (Hart and Resh 1980, Hart 1981, Poff

 and Ward 1992) and mayflies (Kohler 1984) will increase
 their movement rates as periphyton density declines, pre-
 sumably in search of better periphyton patches. Thus,
 adjustable movement rates might provide an explanation
 for the frequent observation that low grazer densities can

 strongly influence periphyton biomass and assemblage
 structure (e.g., Hart 1987, Lamberti et al. 1987a, b, Stein-
 man et al. 1987a, also cf. Colletti et al. 1987).

 186 OIKOS 72:2 (1995)

This content downloaded from 24.9.112.12 on Mon, 26 Aug 2019 01:29:01 UTC
All use subject to https://about.jstor.org/terms



 Prospectus

 Very few studies have examined the effects of herbivory

 under different flow conditions in streams, in part be-
 cause experimental control of current is difficult. How-
 ever, Hart (1992) showed crayfish herbivores dramatic-
 ally removed an abundant filamentous chlorophyte at
 currents <50 cm s-' and subsequently altered composi-
 tion of the broader benthic community. Others have
 shown that grazer activity can change under different
 currents (DeNicola and McIntire 1991, Poff and Ward
 1992). Lamberti et al. (1989) argued that periphyton
 productivity may limit grazer impacts on algal com-
 munity structure among streams or stream reaches. Our
 results suggest that grazer-algal interactions within

 stream microhabitats may vary with spatially heterogene-
 ous microcurrent conditions, which influence both algal
 growth and grazer foraging dynamics. Coupling these
 results with those from other recent studies showing
 variation in ecological interactions along current velocity
 gradients (Peckarsky et al. 1990, DeNicola and McIntire
 1991, Hansen et al. 1991, Hart 1992, cf. Cooper et al.
 1990) emphasizes the need to examine herbivory across a
 range of realistic environmental conditions in order to
 better understand the organization of stream communi-
 ties.
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